Mining, whether current or inactive, generally increases salt concentrations in catchment watersheds due to precipitation on and through exposed rock surfaces. Practices like mountaintop removal mining have exacerbated this issue, with measurements of salt concentrations in nearby catchment systems well above normal levels. Nevertheless, the impact of the ionic composition of mining effluent on aquatic animal health is not well understood. This is a particularly important issue in Appalachia because it is home to an enormous diversity of organisms, including a huge array of amphibians that live in streams that receive mining effluent from operating and abandoned mines. To investigate this issue, we examined the effects of reconstituted mining effluent on the development of wild-caught wood frog (Lithobates sylvaticus) tadpoles. We collected day-old fertilized eggs from a creek near Blacksburg, VA in early March, 2018 and raised them to hatch. Tadpoles were then assigned to either sulfate or chloride-based reconstituted mining effluent diluted to six different conductivities (100 µS/cm -2,400 µS/cm). After 7 or 14 days of treatment, tadpoles were euthanized and fixed in paraformaldehyde. We imaged the heads and bodies of tadpoles for morphometric analysis before dissecting out brains and immunostaining them for phospho-histone H3, which labels dividing progenitor cells in the brain. We found that sulfate-based reconstituted mining effluent significantly lowered progenitor cell division at 1200 µS/cm at Day 7 and at 600 µS/cm at Day 14 relative to control. Chloride-based reconstituted mining effluent was less impactful, with no significant differences observed at Day 7 and significantly lowered progenitor cell division at 2400 µS/cm at Day 14. In addition, both treatments slowed growth of some head morphological features, including head size and interocular distance. Chloride treatment slowed growth of body length at Day 14 at 600 µS/cm, whereas sulfate-based reconstituted mining effluent had no effect on body length. These data show that sulfate-based mining effluent has a substantial
impact on aspects of neural development, whereas chloride-based reconstituted mining effluent had less effect. In contrast, chloride-based reconstituted mining effluent had a much greater impact than sulfate on body morphology and growth. These experiments demonstrate that the chemical composition of salts in mining effluent can have divergent effects on the development of amphibians.
Introduction:
Since its inception, mining has been a major industry in the United States. Currently the mining industry provides over 500,000 jobs directly and indirectly more than a million jobs across other related fields (National Mining Association, 2018) . While mining provides many jobs within largely rural communities, there is also potential for mines to have detrimental effects on the environment. In many cases, mining operations are unable to properly dispose of the waste rock and tailings produced by their mines, which then end up draining into nearby waterways (Salomons, 1995) . When surveying a mining operation for overall external risk, government organizations often put a high priority on the potential dangers to the human population but sometimes neglect the potential effects on the welfare of the environment and wildlife present in that region (Veiga, Scoble, & McAllister, 2001) . Some of this is due to a lack of data on the potential environmental effects of mining activities on wildlife. Elevated salt concentrations can be especially detrimental to aquatic life. A benchmark level of chronic conductivity of common salts was established by the EPA at 300 μS/cm, which signifies the level at which 95% of native species would still be alive (U.S. EPA, 2011).
Mining effluent is made up of a mixture of waste products that can include anything from the oil and grease used on machinery to heavy metals and salts (Tiwary, 2001; Sweeten et al., 2013) . This unwanted material continuously emanates from both active and abandoned mines and ends up draining into nearby rivers and streams (Salomons, 1995) . In addition, mines often have large areas of exposed earth and rock that are especially susceptible to erosion during rainfall (Tiwary, 2001) , which can add to the debris load that flows into nearby waterways. Salts and heavy metals are the two components of mining effluent of the most environmental concern (Soucek & Kennedy, 2005; Goodfellow et al., 2000) . Most often, studies investigating the presence of heavy metals in waterways affected by mining effluent report elevated concentrations of copper, zinc, nickel, and cadmium; (Dayeh, Lynn, & Bols, 2005; Mishra, Upadhyaya, Pandey, & Tripathi, 2008) but these findings can vary greatly depending on the geographical region studied. Chloride and sulfate salts are highly prevalent in mining effluent (Yeager-Armstead et al., 2013) . While these salts are essential for the animal life within these streams, excessive levels of salts as a result of mining runoff create toxic conditions once they reach levels beyond those that animals are accustomed to (U.S. EPA, 2011). Mining effluent degrades water quality in part by lowering the pH and increasing the levels of dissolved solids (Tiwary, 2001) . The approximate strength of dissolved salts can be estimated by quantifying the specific conductivity, which is the ability of a material to conduct an electric current and is often measured in microSiemens per centimeter (μS/cm) (U.S. EPA, 2011). In 1989, it was reported that approximately 19,300 km of rivers and streams across the United States had been degraded by mining effluent (Johnson & Hallberg, 2005) . A more recent study estimated the changes made to the landscape of West Virginia between 1976 and 2005, and found that 5% of West Virginian land had been turned into surface mines, which in turn was affecting up to 56% of the rivers measured within the study area (Bernhardt et al., 2012) . These measurements focus on a region of the nation in which mining is especially prevalent, but it is probable that similar increases were seen at other mining sites across the United States. In addition, it is likely that damage has increased in the time since these measurements were taken. Despite the ongoing research into the effects of mining effluent on the chemical makeup of natural waterways, the effects of these ions on amphibian well-being is not well understood.
To help fill in this gap, we investigated the impact of reconstituted mining effluent, with high concentrations of either chloride or sulfate ions, on morphological development and neurogenesis in the brains of wild-caught wood frog tadpoles.
Methods:
Animals:
We used wood frog (Lithobates sylvaticus) tadpoles. These animals were collected as day-old fertilized eggs from a creek near Blacksburg, VA, and then raised to hatch in the laboratory.
Tadpole Collection:
One day-old fertilized wood frog eggs were collected from a creek near Blacksburg, VA in March 2018. Prior to the date of collection, we visited the potential collection site daily to inspect the area for eggs. Eggs were collected on the first day that they were present, ensuring the age of the eggs. After collection, the tadpoles were raised to hatch in the laboratory in heat-controlled five gallon buckets.
Treatment:
Once tadpoles hatched, they were assigned to either a sulfate-or chloride-based reconstituted mining effluent group, at one of six conductivities ranging from 100 µS/cm -2,400 µS/cm. The sulfate-based reconstituted mining effluent was created through combination of CaSO4, MgSO4, NaHCO3, KCl, and NaCl; and the chloride-based effluent through a similar procedure with a formula that was highly concentrated with chlorides, made up of CaCl2, MgCl2, NaHCO3, KCl, and NaCl. The tadpole groups were reared in solution for either seven or fourteen days.
Sacrifice and Tissue Processing:
Tadpoles were sacrificed on either Day 7 or Day 14 post-treatment (thus 14 or 21 days post fertilization), with an overdose of MS222 at 0.2%. Tadpoles were fixed in 4% phosphate-buffered paraformaldehyde (PFA) at 4°C. Tadpole brains were washed with PBS and then dissected into PBS-TX and placed in blocking buffer (2.5% norm al goat serum in PBS-TX) for 1 hour. Tadpole brains were incubated for 2 days in the primary antibody, anti-phospho-histone H3 (pH3) at 1:1000 (Sigma: H0412, made in rabbit) in blocking buffer at 4°C with gentle rotation. We then washed the brains three times in PBS-TX, and incubated them overnight in the secondary antibody, Alexa fluor 488 goat antirabbit IgG (1:400). Brains were washed in PBS-TX three times, then incubated in Sytox-O (Invitrogen: S34861), which labels cellular nuclei, in PBS at 1:500 once, washed in PBS and then mounted into custom-built wells on a slide with mounting media made from 50% Glycerol and 0.36% Urea in ddH2O.
Imaging:
Prior to brain dissection, the head and body of the tadpoles were imaged on a Nikon Model C-DSS115 microscope for later morphological analysis. After brains were dissected out and processed for immunostaining (above), they were imaged on a Leica SP8 confocal microscope. Images were taken at a 0.75 zoom on a 40X objective. Zstack images with 100 steps were taken of Day 7 tadpole brains, while 150 steps were used for the Day 14 brains due to their larger size. Each hemisphere was imaged separately. After the confocal brain images were analyzed, the colors were changed to magenta and green so that they could be understood properly by all audiences.
Analysis:
Morphological analysis was done in ImageJ. Length measurements were taken using the segmented line tool for body length (from snout to tail tip) and interocular distance (from outer part of left eye to outer part of right eye). The area of the head was taken using the polygon selection tool tracing the outer circumference of the head from the dorsal perspective. Neuronal analysis was done in Imaris. 3D models were created from confocal stacks using the surface tool to section off the region of interest from the 3D image. The volume of the 3D region of interest was measured using the statistics tool, and the density of pH3+ cells within the region of interest was quantified by manual counting and dividing by the volume of the region of interest.
Statistics:
GraphPad Prism was used for statistical analysis. We ran one-way ANOVA tests with a Dunnett's multiple comparisons test, comparing the mean of each column with the mean of the control column, for each of the treatment groups (100 µS/cm -2400 µS/cm). Scatter dot plots were created in GraphPad.
Results:

Sulfate-based reconstituted mining effluent lowers progenitor cell division
To test the effects of sulfate-based reconstituted mining effluent on cell proliferation, we treated tadpoles with a range of conductivity of sulfate-based reconstituted mining effluent. Tadpoles were sacrificed at either Day 7 or Day 14, and were stained with pH3 and Sytox-O. The tadpoles sacrificed at Day 7 showed a significant reduction in cell proliferation at the conductivity level of 1200 µS/cm compared to the tadpoles treated with a baseline level of 100 µS/cm. The tadpoles sacrificed at Day 14 showed a significant reduction in cell proliferation at the conductivity level of 600 µS/cm compared to baseline.
Chloride-based reconstituted mining effluent lowers progenitor cell division at Day 14
To test the effects of chloride-based reconstituted mining effluent on cell proliferation, we treated tadpoles with a range of conductivity of chloride-based reconstituted mining effluent. Tadpoles were sacrificed at either Day 7 or Day 14, and were stained with pH3 and Sytox-O. The tadpoles sacrificed at Day 7 did not show a reduction in cell proliferation at any elevated level of effluent conductivity when compared to the baseline level of 100 µS/cm. The tadpoles sacrificed at Day 14 showed a significant reduction in cell proliferation at the conductivity level of 2400 µS/cm compared to baseline.
Chloride-based reconstituted mining effluent slows growth of head size and interocular distance at Day 14 Images of tadpole heads were used to analyze two features, head size and interocular distance. These images allowed us to examine the effects of chloride-based mining effluent at a range of conductivity on the growth of morphological features. The tadpoles sacrificed at Day 7 did not show a significant reduction in the growth of head size or interocular distance compared to baseline. The tadpoles sacrificed at Day 14 showed a significant reduction in the growth of both head size and interocular distance at the conductivity level of 1800 µS/cm relative to baseline.
Sulfate-based reconstituted mining effluent slows growth of head size and interocular distance
Images of tadpole heads were used to analyze two features, head size and interocular distance. These images allowed us to examine the effects of sulfate-based mining effluent at a range of conductivity on the growth of morphological features. The tadpoles sacrificed at Day 7 showed a significant reduction in the growth of both head size and interocular distance at the conductivity level of 1800 µS/cm relative to baseline. The tadpoles sacrificed at Day 14 showed a significant reduction in the growth of head size at 1800 µS/cm relative to baseline, but no significant effects on interocular distance were seen.
Chloride-based reconstituted mining effluent slows growth of full animal length at Day 14
Images of tadpole bodies were used to analyze the effects of chloride-based mining effluent at a range of conductivity on the growth of the full animal. Tadpoles sacrificed at Day 7 did not show a significant reduction in the length of the full animal relative to baseline. Tadpoles sacrificed at Day 14 showed a significant reduction in the length of the full animal at the conductivity level of 600 µS/cm relative to baseline.
Sulfate-based reconstituted mining effluent has no significant effects on growth of the full animal Images of tadpole bodies were used to analyze the effects of sulfate-based mining effluent at a range of conductivity on the growth of the full animal. Tadpoles sacrificed at both Day 7 and Day 14 showed no significant reductions in the length of the full animal relative to baseline.
Discussion:
In this study we investigated the effects of chloride-based and sulfate-based reconstituted mining effluent on the development of both the brain and morphological features of wild-caught wood frog tadpoles. Sulfate-based mining effluent significantly lowered progenitor cell division in the optic tectum at 1200 µS/cm at Day 7 and at 600 µS/cm at Day 14 relative to control, and chloride-based mining effluent significantly lowered progenitor cell division in the optic tectum at 2400 µS/cm at Day 14. These data suggest that sulfate-based mining effluent has a greater effect than chloride-based mining effluent on measures related to brain development. In contrast, we found that chloride-based mining effluent had more extreme effects on measures of morphological growth, such as the growth of tadpole head and body and interocular distance, when compared to sulfate-based mining effluent.
The fact that sulfate-based treatment had a more pronounced impact on proliferation than chloride-based treatment may be due to the role of sulfates in coordinating developmental critical periods. Perineuronal nets (PNN) are an important determinant of neuronal development. The appearance of PNNs typically marks the end of developmental critical periods, leading to stabilization of neural circuits (Kwok, Foscarin, & Fawcett, 2014) . PNNs are made up of four classes of extracellular matrix molecules, one being chondroitin sulfate proteoglycans (CSPG) (Sorg et al., 2016) . CSPGs are composed of a core protein and a chondroitin-sulfate-glycosaminoglycan chain (Miyata & Kitagawa, 2017) . The sulfation profile in the glycosaminoglycan chain regulates PNN formation (Fawcett, Oohashi, & Pizzorusso, 2019) . The glycosaminoglycan chains are most often sulfated in the 4 (C4S) or 6 (C6S) positions (Foscarin, et al., 2017) . In early development the glycosaminoglycan chains are sulfated in the C6S position, and the prevalence of C6S sulfation decreases throughout development, leading to a final decline at the end of the critical period. During this time, the prevalence of C4S sulfation gradually increases, and takes predominance after the closure of the critical period (Foscarin, et al., 2017) . Sulfate-based reconstituted mining effluent may lead to disturbance of the sulfation position within the glycosaminoglycan chains, potentially altering the critical period and stabilization of developing neural circuits. Given the decrease in proliferation observed here, we predict that sulfate-based treatment may increase C4S sulfation, thereby stabilizing PNNs too soon, and inducing early termination of the critical period.
Superficially one may predict that chloride-based mining effluent treatment would have greater effects on brain development than sulfate-based treatment, due to the fact that chloride is a critical ion for normal brain function (Elorza-Vidal, Gaitán-Peñas, & Estévez, 2019) . The fact that chloride-based treatment only affected the brain at 14 days and only at the highest concentration demonstrates that the tadpole nervous system is particularly resistant to high levels of chloride exposure. Due to its omnipresence within the brain, it is possible that neurogenesis may have been less impaired by chloride-based treatment due to homeostatic mechanisms already in place to balance fluctuations in chloride levels. There may still be other changes in the brains of chloride-based treatment tadpoles, however; in particular we predict changes in the expression of molecular mechanisms that control chloride homeostasis.
While sulfate-based treatment more significantly affected neuronal proliferation, chloride-based treatment had greater effects on body measurements. This could be due to a variety of effects resulting from the high chloride levels, but we suspect it may be due to a decrease in water retention. Natterjack toad (Bufo calamita) tadpoles are known to regulate their water retention based on the environmental osmolality. Once osmolality reaches 90 mOsm, the Natterjack toad tadpoles begin reducing their water retention (Gomez-Mestre et al., 2004) . It is likely that wood frog tadpoles would have similar capabilities, which may have led to the reduction in size seen as a result of chloride-based treatment.
In addition to the toxic effects these high levels of ion concentrations can cause by themselves, these levels can also create inhospitable conditions characterized by increased water hardness and low pH, which lead to additional toxic effects in amphibians. An increase in water hardness is thought to make a water source undrinkable for the human population (Tiwary, 2001) . Water hardness is typically due to high levels of calcium carbonate, and therefore is often referred to in terms of "mg/L, as CaCO3", but this term can also describe elevated quantities of other compounds composed of ions such as chloride and sulfate, as would be present in mining effluent (David J. Soucek et al., 2011) . The potential toxicity of elevated water hardness to humans suggests that it could be equally or more significantly dangerous to wood frog tadpoles. Acid mine drainage (AMD), a condition in which sulfide-bearing minerals interact with both oxygen and water creating highly acidic runoff, has a huge potential to deposit sulfate ions into waterways (Akcil & Koldas, 2006) . This process can be intensified by the introduction of a bacteria, such as thiobacillus bacteria, which can lead to an even greater increase in acidification (Tiwary, 2001) . There are some cases in which this event has occurred naturally, but the majority of these incidences arise as a consequence of mining operations (Gray, 1997) . AMD is a complex toxicological threat, in that it is capable of causing a wide range of environmental complications. In rivers and streams, the most hazardous effects to animal life are the decreases in pH of the entire water system and the metal toxicity that occurs as a result of AMD (Gray, 1997) . These effects can sometimes be rectified by the addition of lime to the runoff, neutralizing the acid that has formed (Akcil & Koldas, 2006) . Through the use of sulfate ions in our mining effluent treatment, we may have created an acidic environment for the tadpoles that mirrors the conditions seen in a river effected by AMD.
The significant effects of these sulfate and chloride-based treatments on brain and morphological development in wood frog tadpoles supports the idea that potential behavior changes could be present in these tadpoles as well. One study used the Oncorhynchus mykiss, or rainbow trout, as a biosensitive animal model to test the effects of mining effluent on two measures of behavior, locomotion and ventilation (Gerhardt, 1998) . They created a reconstituted mining effluent treatment with high concentrations of both chloride and sulfate and treated the fish over a period of four days. They saw immediate behavioral effects in the fish, characterized by decreases in locomotor activity and increased time spent on ventilation (Gerhardt, 1998) . It is possible that similar effects would be seen in wood frog tadpoles subjected to high levels of chloride and sulfate, and future experiments should address the impact of reconstituted mining effluent on tadpole and frog behavior.
Our data suggest that mining effluent has a significant impact on amphibian health, and effluent that is high in sulfate ions is especially detrimental to anuran brain development. Due to these and other deleterious effects of sulfate, methods for the removal of sulfate ions from streams and rivers may be vital to the well-being of aquatic life. Filtration is one of the most commonly used methods of sulfate removal, and is most often done through the addition of polyelectrolytes that will induce precipitation of the sulfate ions, allowing for their removal (Bowell, 2004) . Furthermore, effluent dominated with chloride impacts aspects of development, although the long-term effects of chloride exposure early on in development is not known. Ultimately, it is clear that the type of mining effluent can have differential impacts on aspects of development, and that attention must be paid to specific organ systems.
